In sexual species, fertilization of oocytes produces individuals with alleles derived from both parents. Here we use pluripotent stem cells derived from somatic cells to combine the haploid genomes from two males to produce viable sons and daughters. Male (XY) mouse induced pluripotent stem cells (Father #1) were used to isolate subclones that had spontaneously lost the Y chromosome to become genetically female (XO). These malederived XO stem cells were used to generate female chimeras that were bred with genetically distinct males (Father #2), yielding progeny possessing genetic information that was equally derived from both fathers. Thus, functional oocytes can be generated from male somatic cells after reprogramming and spontaneous sex reversal. These findings have novel implications for mammalian reproduction and assisted reproductive technology.
INTRODUCTION
Natural matings between males and females result in the fertilization of oocytes by spermatozoa and the generation of progeny that inherit alleles from both parents. In mammals, experimentally generated embryos with alleles only processed through oogenesis or only processed through spermatogenesis usually die during development because of imbalances in imprinted gene expression [1] [2] [3] [4] . Thus, epigenetic differences derived during male and female gametogenesis are required for normal mouse development. Interestingly, viable bimaternal female mice have been generated by nuclear transfer into oocytes [4] . This required the introduction of nuclei from H19 mutant nongrowing oocytes into wild-type fully grown oocytes. The frequency of obtaining viable mice from these reconstructed oocytes with genetic information derived from two mothers was ,1%. However, if the donor nucleus from the nongrowing oocyte carrying the H19 mutation also had a deletion of the Dlk1-Dio3 intergenic region, then there was a high success rate in obtaining bimaternal female mice from the reconstructed oocytes [5] . The resulting bimaternal mice were relatively normal but weighed less than controls, and there were some gene expression differences. These bimaternal mice also had significantly longer life spans compared to controls [6] .
Viable progeny with two fathers have yet to be generated. To generate progeny with alleles derived from two males, the cells from one male must undergo meiosis to produce oocytes. This is possible in cases of XY sex-reversal. XY sex-reversed individuals are genetically male but develop as females with variable gonadal phenotypes, from dysgenesis to functional ovaries [7] [8] [9] . There are also cases of XY sex-reversal in mice with a Y chromosome ingressed from one genetic background into a different genetic background [10, 11] . XY sex-reversed females are capable of initiating oogenesis and in some cases generate functional oocytes [8, 9, 12] . Thus, two genetic males can generate viable progeny if one is sex-reversed and fertile. In the MRL/MpJ mouse strain, rare XY testicular germ cells of phenotypic males can differentiate into oocytes in spermatogenically active seminiferous tubules although they do not persist in the adult [13] . It has not been determined if these testicular oocytes can be fertilized to produce progeny. Are there other ways for phenotypic males to generate oocytes? Pluripotent stem cell lines provide a system to differentiate germ cells. Embryonic stem (ES) cells are capable of differentiating into every cell type of the adult body, including oocytes and sperm. Although this has only been demonstrated for mouse and rat, it seems likely that ES cells from other species (e.g., human) would also have the ability to differentiate into germ cells under the appropriate conditions [14] [15] [16] . Somatic cells can be reprogrammed using a variety of molecular and chemical reprogramming strategies to generate induced pluripotent stem (iPS) cells [17] . iPS cells have many of the characteristics of ES cells, including pluripotency and the ability to generate germline mouse chimeras [18] .
Mouse ES cells that are genetically male spontaneously lose the Y chromosome at a 1%-3% frequency, presumably by nondisjunction, resulting in XO subclones [19, 20] . In humans, X chromosome monosomy (45,X) usually results in embryo lethality, but in rare cases, viable females are born with Turner syndrome, a variable spectrum of pathologies that includes gonadal dysgenesis and infertility [21] . However, in the mouse, XO individuals develop as viable, fertile females [22, 23] .
In this study, we exploit XY pluripotent stem cells and in vitro sex reversal to efficiently differentiate functional oocytes in female chimeras. Natural matings of these female chimeras result in the generation of viable male and female mice that combine the haploid genomes from two fathers. Thus, iPS cell technologies can be used to bypass sex-specific epigenetic constraints on reproduction. These results have important implications for mammalian reproduction and assisted reproductive technologies.
MATERIALS AND METHODS

Mice
C57BL/6J (B6) mice were purchased from the Jackson Laboratory (Bar Harbor, ME). Pou5f1-GFP (green fluorescent protein) transgenic miceofficial symbol Tg(Pou5f1-EGFP)2Mnn-were obtained from Hans Schöler [24] . All the animal manipulations were conducted in accordance with the National Research Council Guide for Care and Use of Laboratory Animals and approved by the University of Texas M.D. Anderson Cancer Center Institutional Animal Care and Use Committee.
Generation and Characterization of iPS Cells
Pou5f1-GFP mouse embryo fibroblasts (MEFs) were isolated from 13.5 days postcoitus fetuses using standard procedures [25] . MEFs (passage 3) were reprogrammed by retroviral transduction using Pou5f1, Sox2, Klf4, and Myc [26] . iPS cell colonies were picked 28 days after infection based on morphology without selection [27] . Goat polyclonal antibodies to POU5F1, SOX2, and NANOG (Santa Cruz Biotechnology, Inc.) were used at a 1:200 dilution. The secondary antibody was Texas Red conjugated donkey anti-goat IgG (Jackson ImmunoResearch Laboratories, Inc.) used at a 1:500 dilution. Subsequently, glass cover slips were applied using mounting medium containing 4 0 ,6-diamidino-2-phenylindole (DAPI; Vector Laboratories). Nine clones expressed alkaline phosphatase activity and POU5F1, SOX2, and NANOG. These clones were screened for germline potential by injection into albino-B6 blastocysts to generate chimeras. This resulted in the S3 iPS cell line used in this study.
Isolation and Characterization of XO Pluripotent Stem Cells
PC3 ES cells [28] and S3 iPS cells were cultured using standard procedures [25, 26] . Single cell suspensions of ES or iPS cells were plated onto mitomycin C-treated fibroblast feeders at clonal density without selection. Colonies were picked, disaggregated with trypsin, expanded, and frozen using a 96-well format [25] . Clones were genotyped by PCR for Sry using the primers 5 0 -TCCCAGCATGCAAAATACAGAG-3 0 and 5 0 -TTGGAGTACAGGTGTG CAGCTC-3 0 and Rapsn as a positive control using primers 5 0 -AGGACT GGGTGGCTTCCAACTCCCAGACAC-3 0 and 5 0 -AGCTTCTCATTGCTG CGCGCCAGGTTCAGG-3 0 with an annealing temperature of 618C. Genomic DNA isolated from putative XO ES cell clones identified by Sry PCR was digested with EcoR1 for Southern blot analysis. Blots were hybridized with a 32 P-labeled pY353/B riboprobe [29] . XO ES and iPS cell clones were karyotyped by multicolor spectral karyotype (SKY) analysis (Clinical and Research Cytogenetic Laboratory of the Texas Children's Hospital, Houston, TX).
Mouse Chimeras and Progeny Genotyping
Ten to fifteen XO ES or iPS cells were microinjected into B6 blastocysts to generate female chimeras that were bred with B6 males using standard methods. The agouti-pigmented progeny from the ES cell-derived female chimeras were genotyped by PCR for DXMit216 using primers 5 0 -GTTTCTTCACAATCTATCCAGTTACAGCATTT-3 0 and 5 0 -GTTTCTTAT AGCTCTCAAAGCCCATGC-3 0 with an annealing temperature of 558C that recognize polymorphisms between strains 129 and B6. Prm1-cre and Pou5f1-GFP transgenes were genotyped by PCR.
RESULTS
XY-Derived XO ES Cells Produce Functional Oocytes in Female Chimeras
We devised an iPS cell strategy to generate oocytes from the somatic cells of genetically male mice (Fig. 1) . Initially, we modeled our strategy using mouse embryonic stem (ES) cells because previous studies that mentioned the germ line potential of XY-derived XO ES cells was not their primary focus or the approach taken differed from our proposed strategy [19, 20, [30] [31] [32] . PC3 ES cells are genetically male (XY), homozygous for a Prm1-cre transgene, and derived from an agoutipigmented (A/A) 129 inbred mouse strain [28] . PC3 ES cells were plated at clonal density and cultured without selection. Colonies were then picked for expansion, genotype analysis, and cryopreservation. PCR genotyping of each clone was performed to detect the presence of the Y chromosome, using the Y chromosome-linked testis-determining gene Sry [33] . Of the 840 clones that were screened, 11 (1.3%) were found to be negative for Sry, suggesting that they had lost the Y chromosome, becoming XO ( Fig. 2A) . Subsequently, Southern blot analysis of these putative XO clones was performed using a Y chromosome repetitive sequence probe, pY353/B [29] . Of the 11 putative XO clones, 10 were negative for pY353/B hybridization (Fig. 2B) . Finally, multicolor SKY analysis of clones 4E4 and 2H11 showed that they lacked the Y chromosome but were disomic for all autosomes without any detectable chromosomal abnormalities, demonstrating the successful derivation of XO clones from the original XY ES cell line (Fig. 2C) .
The 4E4 XO ES cell clone was injected into C57BL/6J (B6) blastocysts to generate mouse chimeras. Approximately 50% of the blastocysts injected will be female (XX) and yield female chimeras [20] . Three female chimeras were obtained with substantial ES cell-derived agouti pigmentation and bred with black-pigmented (i.e., non-agouti, a/a) B6 males. Two of the female chimeras proved to be fertile and generated litters containing both black (blastocyst-derived) and agouti-pigmented (XO ES cell-derived) progeny that appeared normal (Fig.  3A) . The crosses of these XO ES cell-derived female chimeras with wild-type males should produce XY male and XX or XO female progeny. Therefore, the X chromosomes of the agoutipigmented progeny from the female chimeras were genotyped for PCR polymorphisms between strains 129 and B6 (Fig. 3B) . Male progeny (Sry positive by PCR, not shown) had their X chromosome derived from strain 129 (XO ES cell-derived, Father #1), XX female progeny had one X chromosome derived from strain 129 and the other from B6 (Father #2), and XO female progeny had their single X chromosome derived from B6 (Father #2). To date, three males, two XX females, and five XO females have been produced. All of these agoutipigmented progeny from the female chimeras were PCR positive for the ES cell-derived Prm1-cre transgene (not shown), consistent with the homozygosity of the Prm1-cre transgene in the parental PC3 ES cell line. These results demonstrate that alleles (agouti and Prm1-cre) originally derived from an individual male (i.e., the embryo that gave rise to the PC3 ES cell line) were transmitted to progeny by undergoing meiosis during oogenesis (Supplemental Fig. S1 ; all the supplemental data are available online at www. biolreprod.org).
Generation of Progeny with Two Fathers Using XY-Derived XO iPS Cells
ES cell lines are derived by disassembling the inner cell mass of a blastocyst; thus, the individual that would have been generated from that particular blastocyst does not exist. Therefore, the utility of ES cells for generating progeny from two males is limited. However, iPS cells are derived from somatic cells in which the individual can be maintained [26] . Thus, iPS cell technologies extend the utility of our strategy.
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MEFs were isolated from a male fetus of mixed genetic background (B6/129/CD1) that was hemizygous for a Pou5f1-GFP transgene [24] . These MEFs were reprogrammed by forced POU5F1, SOX2, KLF4, and MYC expression into iPS cells using methods developed by Takahashi and Yamanaka [26] . iPS cell clones were isolated, expanded, and characterized for markers of pluripotency (Fig. 4) . The efficiency of generating alkaline phosphatase positive staining cells, an indicator of pluripotency, was ;1%. One of the clones, designated S3, was genetically male (XY karyotype, Fig. 2C ), heterozygous for agouti (A/a), and proved to be very efficient at generating male germline chimeras.
XO subclones with normal sets of autosomes were isolated from the S3 iPS cell line at a 0.9% frequency (2 of 220 clones screened) by limiting dilution using the same Sry PCR and SKY criteria described above for the derivation of XO ES cell clones (Fig. 2, A and C) . These two XO iPS cell clones (1B4 and 5F7) were injected into B6 blastocysts to generate 10 
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female chimeras (4 from 1B4 and 6 from 5F7) as judged by agouti fur pigmentation (iPS cell-derived). These female iPS cell chimeras were then bred with B6 males; 27 agoutipigmented male (15) and female (12) progeny were obtained from female chimeras derived from both clones that appeared normal (Fig. 3C) . The S3 iPS cell line was found to carry a B6 X chromosome, thus we could not distinguish XX and XO female progeny by PCR. Consistent with the hemizygous genotype of the S3 iPS cell line, a little more than half (17/27) of the agouti-pigmented progeny were positive for the Pou5f1-GFP transgene (Fig. 3D) . Furthermore, 7 of 23 black-pigmented progeny screened were positive for the   FIG. 3 . Generation of viable progeny with two fathers. A) Clone 4E4 XO ES cellderived female chimera (arrow) and ES cellderived progeny (agouti pigmented). B) DXMit216 PCR genotype analysis for X chromosome origin in progeny from 4E4 XO ES cell-derived female chimeras. Strain 129 generates a 145-bp fragment; B6 generates a 139-bp fragment. C) Clone 5F7 XO iPS cell-derived female chimera (arrow), B6 father (arrowhead), and iPS cell-derived progeny (agouti pigmented). D) PCR genotyping of iPS-derived progeny for Pou5f1-GFP transgene. The S3 iPS cell line is hemizygous for Pou5f1-GFP; therefore, ;50% of the progeny inherit the transgene. Pou5f1-GFP transgene, demonstrating that the original S3 iPS cell line is heterozygous for agouti (A/a). These results demonstrate that somatic cells isolated from an XY male can be reprogrammed to pluripotency to isolate XO iPS cell sublines that can be used to generate functional oocytes through female chimeras. These results indicate that both oocytes and spermatozoa can be generated from the somatic cells of a genetic male. In addition, alleles (agouti and Pou5f1-GFP) originally derived from an individual male (i.e., the MEFs that gave rise to the S3 iPS cell line) were transmitted to progeny by undergoing meiosis during oogenesis.
DISCUSSION
Previous studies have shown that XY mouse ES cells spontaneously lose the Y chromosome at a 1.4%-2.7% frequency to become XO [19, 20] . The frequency of Y chromosome loss from the PC3 XY mouse ES cell line used in this study was 1.3%, which is consistent with these previous reports. We also demonstrated that the XY-derived XO ES cell line (4E4) was capable of generating female chimeras that transmitted ES cell-derived alleles to their progeny. This is also consistent with previous reports [20, [30] [31] [32] . In addition, fertile XO mice can be produced from XY-derived XO ES cells by tetraploid embryo complementation in a scheme to accelerate the production of homozygous mutant mice [19] . Thus, the basic idea that XY-derived XO ES cells can contribute to the germ line of female chimeras has been established. However, none of these previous studies discussed how this stem cell strategy could be used to generate progeny with genetic information from two distinct fathers. Perhaps this is because these ES cell studies focused on other topics. In addition, the generation of ES cell lines does not preserve the individual (i.e., blastocyst disassembly), whereas in the derivation of iPS cell lines the individual can be maintained (i.e., somatic cells are used).
We were able to isolate XY-derived XO iPS cell lines at a frequency of 0.9%. Although the number of iPS cell clones that we screened was relatively low, the frequency of Y chromosome loss was similar to that for XY mouse ES cells [19, 20] . This suggests that XY mouse pluripotent stem cells have a relatively high rate of male sex chromosome loss during clonal isolation. It is not clear if XY mouse pluripotent stem cells grown in mass culture have this same relatively high rate of Y chromosome loss. Our results demonstrate that XO subclones can be derived from XY pluripotent stem cell lines reprogrammed from somatic cells and that these sex-reversed stem cell lines are capable of differentiating into functional oocytes in female chimeras.
Our study exploits iPS cell technologies to combine the alleles from two males to generate male and female progeny, that is, a new form of mammalian reproduction. In our study, the progeny with two fathers presumably develop normally because the genome from Father #1 undergoes meiosis during oogenesis in the female chimera, resulting in maternal imprinting. In the scenario presented here, one male serves as the oocyte-producing or so-called maternal father, while the other father provides the sperm. The situation could be reversed, providing a choice for which male will be mother or father for progeny to inherit specific alleles (e.g., imprinted or sex chromosome genes). It is also possible that one male could produce both oocytes and sperm for selffertilization to generate male and female progeny. This was demonstrated previously using XY mouse ES cells and tetraploid complementation [19] . The authors used a single XY mouse ES cell line to derive XY males directly through tetraploid complentation. They also isolated XY-derived XO subclones to generate XO females by tetraploid complementation. These male and female ES cell-derived mice were then bred together to generate progeny. This stem cellmediated self-fertilization strategy could be useful in species preservation schemes when there is only a single remaining male. This could be performed through chimeras or in vitro differentiation of iPS cells into gametes (see below). However, as with any live-bearing mammal, there still must be a female to carry the fetus to term. Our strategy could potentially be applied to agriculturally important species to combine a desired set of alleles from two males without the necessity of outcrossing to genetically diverse females. Our strategy may also be useful for studying other forms of inheritance. In natural matings, progeny inherit mitochondrial DNA exclusively from their mothers. In our scheme, the mitochondrial genome is inherited from the maternal father. Variations of our stem cell-mediated reproduction strategy to generate mice with two fathers could conceivably provide a way to bypass the inheritance of mitochondrial diseases.
What are the implications of our results for human reproduction? iPS cells have been generated from human somatic cells [34, 35] . However, the generation of human iPS cells still requires significant refinements prior to their use for therapeutic purposes [36] . Interestingly, one 45,X subclone has been isolated from an XY human ES cell line (1/67 screened, 1.5%) [37] . Thus, it seems likely that 45,X iPS cell lines could be derived from the somatic cells of human males. Mouse ES and iPS cells have the ability to differentiate into oocytes or sperm through chimeras [14, 18] . However, the efficient derivation of functional oocytes and sperm cells from pluripotent stem cells in vitro has yet to be achieved [38] . It is also not clear if in vitro differentiated germ cells would acquire the appropriate epigenetic marks required for normal development [1] [2] [3] 39] . Perhaps in the future, it may be possible to generate human oocytes from iPS cells in vitro or through human-animal chimeras [38, [40] [41] [42] . However, in humans, a 45,X karyotype results in infertility. To overcome this X chromosome deficiency, one could conceivably create 45,X iPS cell lines from male somatic cells that could be made competent to generate oocytes by adding an isogenic X chromosome using microcell transfer to produce an XX genotype (Supplemental Fig. S2) [31, 43, 44] . If this is possible, then some day two men could produce their own genetic sons and daughters. In addition, variations of our stem cell strategy could be used to treat various forms of human sex chromosome-associated infertility, for example, Turner syndrome. Finally, viable bimaternal female mice have been generated by physical reconstruction of oocytes that possess two haploid genomes derived from oocytes [4, 5] . If sex chromosome transfer is feasible (e.g., the Y chromosome), then it may also be possible using iPS cells to generate sperm from a female donor (converting XX to XO to XY) and produce viable male and female progeny with two mothers (Supplemental Fig.  S3 ).
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